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Introduction
Model predictive control (MPC) is a model based control structure that rely on dynamic models of the processes to be controlled are widely employed for the control of constrained linear or nonlinear systems, including multi-variable systems where a mathematical dynamics process model is used to predict the future behavior of the system, and optimizing the control process performance over a prediction horizon [1] . Due to its advantages, MPC has been implemented in several applicationsparticularly related to automotive systems-for various active safety, driver assistance systems, and collision avoidance systems, in order to improve vehicle stability, ride comfort, and to prevent traffic accidents [2] .
Vehicle rollover accidents have been extremely hazardous to the occupants of the vehicle and identified as the most fatal vehicle crashes. According to Japan Traffic Accidents Databases, rollover accidents were in nearly 1/5 of all the single-vehicle accidents. Because of the high center of gravity, sport utility vehicles, disturbances effect such as wind of gust, irregular road surfaces, and abrupt maneuver, heavy trucks have a proclivity to rollover accidents. Thus, it is necessary to develop a fast and safety control systems to detect and prevent the rollover thus enhance vehicle stability.
Rollover prevention and detection such as active braking system (ABS), active suspension and active stabilizer has been studied extensively in [3, 4] . However, it is required the installation of dedicated actuators to control active parts and it also has a problem due to their high costs. There are also many control approaches such as active front steering (AFS), active rear steering (ARS), and four-wheel steering which has been used for degrading the roll rate and lateral acceleration while going around a bend by [5, 6] , where AFS has a great influence on lateral vehicle behavior under normal driving situations, however, AFS is no longer able to produce enough lateral force during high acceleration because of highly nonlinear characteristics of the tire. ARS can degrade roll motion but it also makes the vehicle deviate from the driver's intended trajectory. Thus, it is necessary to minimize the deviation between the driver's intended trajectory and the vehicle's behavior simultaneously, subject to rollover prevention as a premise.
For this study, we enhance MPC controller in order to follow the desired trajectory as close as possible, prevent the rollover, and reject the disturbance effect while enhancing the vehicle stability and maneuverability of heavy truck, which is the main novelty in this paper. In this paper, we utilize ABS, where currently focuses on direct yaw moment control (DYC) that produces the corrective yaw moment by using the rear braking forces between the left and the right side of the rear tires, in order to avoid the interferences between ARS and DYC (which become a second contribution to this paper).
This paper is structured as follows. Section 2 describes the full vehicle, nonlinear tire, and disturbance models. Next, the control methods for the linear MPC algorithm and rear braking control concept, are explained in Section 3 of an obstacle avoidance maneuvers. Furthermore, simulations are performed to validate and examine the proposed method, and the results are discussed in Section 4. Lastly, we conclude and give possible future works in Section 5.
Vehicle Model
Double-track Model. In this paper, we simplify the complexity of the actual vehicle by assuming the front and rear steering angles for both wheels to be the same. We make an assumption that the slip angles at left and right wheels are zero, the steering angle, the vehicle side slip angle, and the roll angle are approximated to be too small and thus can be neglected. The front and rear suspensions are simplified by equivalent damping and stiffness coefficients. We consider the sprung vehicle mass and the suspension and wheel weights for an unsprang mass. The pitch motion is neglected.
In this paper, we use the following terms: F x and F y denote the longitudinal and lateral tire forces respectively, F z is the normal tire load, M z is the total corrective reaction moment from the DYC, x, y and z correspond to the coordinates of the body frame of a car's position, l is the vehicle wheelbase length, r w is the wheel cycle radius, b w is the driveline damping coefficient, ω w is the angular velocity of the tires, v x and v y are the longitudinal and lateral wheels velocities respectively, v r and v w are the relative wind speed and crosswind speeds respectively, T b is the wheel torque, δ f and δ r express the steering angle of the front and rear wheels, µ is adhesion coefficient, ψ is the yaw/heading angle and φ is the yaw rate, β is the vehicle side slip angle, ϕ and θ are the roll and roll rate angle respectively. Some vehicle parameters are given in [6] . The variable at the front and rear wheels is denoted in lower subscripts (·) f and (·) r .
Using the assumptions stated above for the motion longitudinal, lateral, yaw, roll, and rotational dynamics of the front and rear wheels of six DoF for the nonlinear model, vehicle motion is described in planar dynamics equations through the following differential equations, as follows:
Nonlinear Tire Model. The tire dynamics must be considered for the vehicle model, since the tires are the only contact that the vehicle has with the road surface. The most frequently used of the existing nonlinear tire model applications and structures are determined through the key parameters and analytical considerations based on tire data measurements, that are called the 'semi-empirical tire model' or 'Pacejka tire model' [4] . Thus, this semi-empirical tire model is adopted in this paper.
Disturbance Model. The effect of disturbances on the stability of the vehicle is important, as a bumpy road or irregular road may provide the extra force and torque required to help resist the overturning forces. Here, we assume the front steering angle as a disturbance to the system due to the effect that a driver may drive to abrupt maneuver, thus we assume the front steering angle as our previous work in [6] .
Control Allocation
Linear MPC. The block diagram of the controller design of MPC is illustrated in Fig. 1 . MPC is designed to track the lane in single lane change maneuver by using ARS and DYC and also is used to prevent the rollover. MPC is designed based on 3-DoF lateral-roll motions by linearizing the Eq. 1 to Eq. 5 to obtain:
The vehicle motions in Eq. 6 to Eq. 8 can be represented into a given state-space structure as:
and y ϵ R y representing the state vectors, control input vectors, disturbance vector, and measured output vectors respectively. We define:
The objective is to find the optimal control input vector ∆ữ l (k + i|k) such that an error function between the predicted output and the reference signal is minimized. The optimization of the predictive control system will be solved by minimizing the cost function given by:
The variation in the rear steering angle ∆ũ (k + i|k) can be obtained when the cost function is made to be as small as possible. The weight matrix S q (i) and S r (i) are semi-positive definite and positive definite respectively, which can be adjusted for the desired closed-loop performance.
Braking Control Algorithm. In this section, the desired direct yaw moment control M z is adopted from the differences between the two sides of the vehicle torque as denoted in Eq. 5. In our study, the braking torque is activated only according to the yaw rate; i.e. only used when the vehicle goes toward instability or emergency maneuvers because of its direct affects on the longitudinal motion, while the steering angle is considered for the entire maneuver to be in control or in normal driving maneuvers. The control law is designed to select the most effective wheels to apply the brake torque, which depends on the steering condition. Oversteering happens when the vehicle yaw rate is larger than the desired yaw rate, thus, the outer wheels will be selected to generate a contra-cornering yaw moment. Understeering happens when the vehicle yaw rate is smaller than the desired yaw rate, thus, the inner wheels will be chosen to generate a pro-cornering yaw moment as shown in Fig. 2 .
Simulation Results
Scenario Description. The proposed methods' controllers are implemented for a vehicle path following on a single lane change or thread avoidance scenario through the simulation. The vehicle is considered to be travelling horizontally following the path with a constant velocity at 17 m/s without braking or accelerating. The typical obstacle avoidance maneuver is simulated with a peak driver steering input of magnitude to be at 100 degree, so front steering angle, δ f under the initial driving conditions is assumed to act in the direction of the path at t = 2 sec acting as a disturbance on the vehicle. The front steering angle disturbance is assumed to be persistent throughout the simulation
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Advanced Research in Materials and Engineering Applications time. Simulations were performed by using the Model Predictive Control Toolbox in Matlab and Simulink software within 15 sec with a sampling time 0.05 sec. In this scenario, we compared the performance of the controller design for rollover prevention, lateral position, and yaw stability control to both an ARS, and ARS with DYC maneuvers. Here, we set the single lane change maneuver at 10 degree step input start from t = 0.5 sec or Y ref = 10 deg, LTR ref = 0, and yaw stability limit must be satisfied by φ ≤ µg/v x ≈ 0.654 deg/sec. Fig. 1 . MPC via ARS + DYC. Fig. 2 
. DYC logic algorithm
Results and Discussions. Fig. 3 shows the responses of the vehicle motions without any controller to the system. It can be seen clearly that without the controller, the single lane change maneuver are fail to follow the trajectory, thus will make the collision happen. The response of LTR motion indicates that the vehicle is not stable where one side of the tire is not attached to the ground while trajectory is going on although there is no rollover happen as shown it less than 1. Simulation result also show that the yaw stability for the vehicle is worst after 5 sec and it getting unstable by surpass the limit of the stability. Moreover, we can scrutinize the lateral acceleration that elaborates the vehicle are not stable when it shows the acceleration is infinite after 5 sec. Meanwhile, Fig. 4 illustrates the vehicle responses performed well with the controller either to ARS or ARS with DYC. In this simulation, we would like to investigate the advantages of the DYC under the disturbance of front wheel steering. From the fig, it can be seen clearly that both maneuvers performed well for LTR response which demonstrates that both side of wheels are touched to the ground and there is no rollover happen during the maneuver under the disturbance. Both maneuvers control also performed very well in yaw rate response that indicates the vehicle yaw stability which is less than ± 0.5 deg/sec.
However, for lateral position response, it show that DYC is very influence to control the lane change maneuver at reference although both maneuvers control are not fully success to achieve desired path, but ARS with DYC is much more better than ARS only. The figure also show the lateral acceleration for both maneuvers control are stable where the steady state of the acceleration at zero. Furthermore, from the control signal responses, all maneuvers control under the constraint, however, for ARS maneuver, there have high signal at t = 5sec when the vehicle start to performed the lane change maneuver. For ARS and DYC maneuver, this indicates the advantages of the MPC approach that can be implemented in multivariable system. It shows that, by adding one more control input to the system, particularly in this case, we add the direct yaw moment control as shown in Fig. 4 , where it may enhance vehicle stability and handling even under disturbance effects. 
Summary
The paper presents an integrated control approach for an ARS and DYC maneuver of heavy vehicle in a path following control with consideration of a front wheel steering as disturbance at middle forward speed on a single lane change or obstacle avoidance scenario. An ARS that utilizes the rear steering command and a DYC that utilizes the differential rear braking are designed based on MPC through a simple 3-DoF vehicle model with linear tire approximations. The simulation result proved that the right and left wheel brake distribution that provided the DYC were more effective and successfully implemented with a combination of ARS for vehicle steering maneuvers even under a disturbance effect to the lateral and yaw motions. The improvement of the control method with different combinations such as active roll, active suspension, and braking with front and rear wheels may be considered and left for further work. The proposed method is suggested to be implemented in real applications soon.
